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Introduction 
Humans have, for whatever reason, left their imprint on the landscape in the form of marks, 
decorations or structures since prehistoric times.1 Before even primitive structures or 
dwellings existed, humankind was leaving marks on cave walls, rock surfaces, portable 
objects and the human body. The earliest known paintings, consisting of geometrical designs, 
are found in South Africa and date to 70,000 years ago.1 Representational figures and hand 
stencils were painted in the caves of France and Spain 30,000 years ago.2 Early rock shelters 
in Australian have art estimated to be 30,000 years old3 and carvings even older. Early carved 
figurines date from as early as 28,000.4 Mankind's relationship with colour and decoration 
thus has a long history, with the earliest pigments being mineral based, readily available in 
the environment and stable after application. Many were natural iron oxides, manganese 
oxides, clays, ochres and copper oxides.5 Inorganic pigments were manufactured by the 
Egyptians as early as 4000 BCE and the Chinese developed pigments before 2000 BCE.1 
Pottery vessels have been made for at least 10,000 years and the earliest pottery figurines for 
over 25,000 years.6 Many early structures were also decorated with colour and designs. 
 
The desire to understand the materials used for decoration also has a long history. One of the 
earliest documented descriptions of pigment and artists' materials is by the Roman author 
Pliny the Elder, who described the production processes of paints used by the early Romans 
in 77-79 CE.7 Early analytical studies have been described by Edwards.8 More recently, many 
investigations in the 20th century have used elemental methods of analysis. In the past 20-30 
years the use of vibrational spectroscopy in the analysis of archaeological material has 
increased from one or two papers to become the method of choice for non-destructive 
analysis.9 Vibrational spectroscopy provides molecular structural information and so is 
ideally suited to the analysis of inorganic archaeological materials. In particular, a large 
number of studies have been carried out on paints and pigments. The majority of paints used 
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by ancient people are inorganic minerals, either naturally occurring, as in the case of iron 
oxides and copper minerals, or synthetic such as Egyptian Blue (CaO·CuO·4SiO2) or lead 
oxide, which have been manufactured since antiquity.  The virtues of vibrational 
spectroscopy for the analysis of these materials have been discussed in detail elsewhere8,9 but 
it is worth restating the main advantages. Of these the most significant for art and 
archaeology samples are that the technique can be non-destructive and that it may be carried 
out in-situ with portable instruments, if required. When it is necessary to remove samples, 
these can often be analysed without further treatment, or in some cases can be embedded in 
resin to examine the cross section. Embedded samples are then also available for further 
examination. Clark10 noted that vibrational spectroscopic techniques are also rapid, taking 
only a few seconds in some instances, are highly reproducible and also have high sensitivity. 
Micro techniques allow the characterisation of individual particles, and samples can be very 
small and may be of the order of only a few grains.  Finally, both infrared and Raman 
analysis can also identify organic components and have been used successfully in the 
identification of modern organic pigments, dyes and resins.  
 
The study of art and archaeology has become sufficiently important that it has warranted 
specific chapters in recent vibrational spectroscopy monographs.11-14 There are now specialist 
conferences such as Raman in Art and Archaeology (RAA), and it is a major section of many 
other vibrational spectroscopy conferences. In this review we will focus predominantly on 
studies reported in the two year period, late 2008 to June 2010, in an effort to show the 
current activity and direction of vibrational spectroscopy in art and archaeology. Previous 
studies, including a comprehensive table of materials, are discussed in the chapter by 
Edwards in volume 40 of this publication.8 
 
Materials 
Pigments and stucco 
The identification of pigments is carried out for many reasons; to gain knowledge of the 
materials and technologies of ancient peoples, to establish the best preservation processes, for 
correct restoration and conservation, to establish the authenticity of an item, to establish 
provenance of the materials and to look at temporal changes in materials and processes.  
Spectroscopic analysis provides information regarding the molecular structure of the 
materials, but this is only part of the information available from the analysis. It can provide 
dating information based on when the pigment came into use and information on the state of 
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preservation of the item. In many investigations carried out in the last ten years, infrared and 
Raman techniques have been combined with many other techniques to identify the elemental 
makeup. Such techniques have included SEM-EDX and XRF, and for more detailed 
information about the organic composition, GC and GC-MS techniques have been applied. 
 
Prehistoric rock art 
The study of prehistoric rock art requires special care but minute sampling or analysis of 
fallen fragments can provide much needed information about art that was carried out so long 
ago that any cultural connections are long lost.  We can determine the stylistic details from 
visual assessment of the works, and technical process information from the analysis of the 
pigments. In some circumstances fragments found in excavations below the work as in 
prehistoric pigments from Patagonia, Argentina, have enabled a thorough characterisation to 
be completed.15 Both Raman and FTIR spectroscopy were used to identify haematite (Fe2O3) 
and goethite (FeOOH) in all red and yellow samples and to identify the green pigment as 
celadonite (KMg0.8Fe2+0.2Fe3+0.9Al0.1Si4O10(OH)2).  The study was able to differentiate 
between two classes of ochre samples; those containing kaolinite clay and those with 
additional sulphur compounds, which should eventually aid in the identification of source 
locations for the minerals. 
 
Figure 1. Images of the cross section of a fragment of hand stencil from Fern Cave, Australia: (A) optical image 
(x40 objective) of the painted edge of the sample; (B) ATR spectral false colour image generated using the 
intensity of the 1145 cm-1 band of gypsum showing a pronounced gypsum layer over the calcite substrata. Red 
indicates high gypsum, while blue indicates low gypsum. 
 
Small scrapings of a few grains, or naturally exfoliating fragments from hand stencils from 
Fern Cave, Australia were examined by micro-Raman spectroscopy of cross-sections of 
fragments set in resin.16,17 This provided a series of spectra of the paint, the surface, the 
underlying wall materials and coatings now covering the paint layer. These spot analyses 
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identified that the paint included haematite and clay, and that the limestone rock wall was 
calcite coated with gypsum. The black particles found in the outer coating were identified as 
the organic pigment scytonemin, found in cyanobacteria. The relatively new technique of 
infrared imaging generates a set of multiple spectra across a given area of a sample. This 
quick method provides a map of the different components of a sample area. Reflectance 
infrared images generated from the bands of the major minerals identified in the samples 
show the position of the paint layer in relation to the gypsum coating growing on the cave 
wall.  Figure 1A shows an optical image of one sample, with the pigment layer. The infrared 
image (Figure 1B) based on the gypsum band at 1142 cm-1, shows that the gypsum layer is 
both below and above the paint layer. Images (not shown here) generated from the 1400 cm-1 
band of calcite show the calcite is all below the gypsum layer. Whewellite or calcium oxalate 
layers, calcium phosphate and a clay layer were also found in some of the samples. The 
individual spectrum of the paint layer shows the distinctive band of an aluminosilicate at 910 
cm-1 as well as that of gypsum at 1139 cm-1 (Figure 2). Gypsum and calcium phosphate are 
evaporite minerals growing on cave walls when the environmental conditions are dry and the 
calcite growth is slowed. By tracing the environmental conditions over the past 20,000 years 
for this region it was possible to estimate when these minerals were deposited and hence 
estimate the age of the paint within the layers. The gypsum in this case was deposited within 
the last 4,000 years and so the hand stencils were also executed within this time frame.  
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Figure 2. FTIR reflectance spectrum of the paint layer in sample 10 with a large gypsum band at 1139 cm-1 and 
small Al-OH band at 910 cm-1.17 [Reproduced from R.A. Goodall, B. David, P. Kershaw and P.M. Fredericks, J. 
Archaeol. Sci., 2009, 36, 2617 by permission of Elsevier] 
 
Early historic pigments 500 BCE – 1000 CE 
The analysis of paints used on different status buildings at Copan, Honduras provided 
information on the use of pigments, improvements in processing and chronological changes 
in pigment type. Over four hundred years of construction and rebuilding of pyramid temples 
and other buildings, a change of pigment sources and specific use of some pigments for 
special locations and times has been identified. Red paints on four buildings from three time 
periods were analysed using micro-Raman spectroscopy, micro-ATR-FTIR spectroscopy and 
SEM-EDX.18,19  The main mineral component was confirmed as haematite by the Raman 
spectrum with seven distinctive bands at 1320, 612, 497, 410, 298, 292, 225 cm-1 (Figure 3) 
but the minor mineral components were found to differ between the samples, in particular a 
band at 660 cm-1 indicating a small amount of magnetite in the haematite from the Ani and 
Rosalila buildings (CE 520-655), but a much larger amount in the paint of Temple 22. 
Further indications of a different source for each of the paints include small differences in the 
minor minerals of each paint (not shown here), such as rutile and clay in the paint from the 
earliest building, Clavel (CE 450- 550), and the lack of clay in the paint of the latest structure, 
Temple 22 (CE 730). The paints from these three time periods show that the materials change 
over time and that the final paint is a finer grained more refined material than the coarser 
mixed paint found on the early building .18,19   
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Figure 3. Raman spectra of red pigment from the three samples showing characteristic bands for haematite. Note 
the more intense band at 660 cm-1 for the Temple 22 (10L-22) sample.18 [Reproduced from R.A. Goodall, J. 
Hall, H.G.M. Edwards, R.J. Sharer, R. Viel and P.M. Fredericks, J. Archaeol. Sci., 2007, 34, 666 by permission 
of Elsevier] 
  
Two unique pigments were identified on the Rosalila building. The first was a green earth 
(celadonite or glauconite based clay mineral) used on the painted masks which decorated the 
outer wall.  The use of green earth rather Maya Blue or green suggests that the technology to 
make Maya Blue was not available in the Copan area at this time. The second pigment, a 
mixture of carbon and mica, was found on some layers of the red painted surfaces of masks 
on the Rosalila building.  The use of this paint on only some of the paint layers suggests a 
possible use for significant years in the Maya calendar. 
 
Information regarding Maya funerary practice has been established from the excavation of 
numerous tombs within the Copan acropolis. Precious grave goods were buried with the 
Copan rulers in specially constructed tombs underneath the pyramid structure of Copan.20 
When the painted and stuccoed walls of one of these tombs, the Sub Jaguar Tomb, were 
analysed the composition of the paint was found to be very different from the paint used on 
the external walls.21 The red paint was a mixture of haematite and particles of magnetite, 
which makes a darker paint. The heterogeneous nature of this paint made it an ideal subject 
for the use of ATR-FTIR imaging. When areas of this pigment were analysed by ATR-FTIR 
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imaging, particles of less than 10 µm were clearly identified from the iron rich matrix and 
these were determined to be silicate minerals, calcite, quartz and some calcium phosphate 
particles. This detailed data gives us a better understanding of the composition of the paints 
and aids in our ability to conserve the tombs.   
 
Many paint analyses are carried out solely to identify the pigments used, either for 
conservation or to enhance our understanding of ancient techniques. Some analyses present 
unique problems, as in a series of vessels for ointments and unguents found at Pompeii that 
may have been affected by the extreme temperatures during the burial of this site in ash.22 
Many of the containers were found to have a high carbon content, possibly as a result of the 
charring of the original contents.  Detailed mineralogy of the materials has been determined 
using both non-destructive Raman and infrared analyses. Findings include the use of iron 
oxide minerals for red colour and the use of sulphate minerals for yellow, and the 
incorporation of waxes and fats.  
 
Aliantis et al.23 have also combined Raman microscopy, FTIR and SEM-EDX to fully 
characterise green pigments found in the Pompeii area. Wall samples and paint pot samples 
consisted of a range of pigments and mixtures.  Raman spectroscopy was used to identify a 
green earth mineral as celadonite (K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2) from the distinctive 
bands at 174 and 202 cm-1 and further bands in the 272-279 cm-1 range. Glauconite green 
earth is distinguished from celadonite more easily by the infrared spectra, with differences in 
the OH stretching region 3500-3700 cm-1. Malachite (Cu2CO3(OH)2) was also identified in 
one pigment, as was a combination of Egyptian blue and yellow ochre. FTIR was used to 
identify beeswax in some samples which was evidence of a more recent restoration attempt. 
 
Temporal changes in paint materials can provide evidence about changing social structures at 
a site. Edwards et al.24 identified the pigments used at two Roman sites in Briton in samples 
spanning three periods of occupation; military, settlement and late settlement. A range of 
colours and minerals were identified at each site using FT-Raman and Raman microscopy, 
with multiple laser sources, to enable the identification of most colours. A limited palette of 
colours was found at both sites, not unexpected during a purely military occupation. Later, a 
larger range of colours was introduced and improvements in paint and mortar technologies 
can be seen. At Colchester, for example, gypsum was identified in the plaster signifying a 
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more sophisticated production technique, as well as the use of the expensive mineral lazurite 
(Na6Ca2[Al6Si6O24](SO4,S)2). While at Lincoln a less sophisticated local tradition is apparent. 
 
 
 
Figure 4. Raman spectra of a sample of red pigment from a JPGM red-shroud mummy (Herakleides). Lower 
trace: the Raman spectrum of red particles, showing the presence of red lead (Pb3O4). Upper trace: the Raman 
spectrum of yellow particles, showing a mixture of lead-tin yellow (characteristic peaks labelled) and red lead 
(peaks labelled in the lower trace).25 [Reproduced from M.S. Walton and K. Trentelman, Archaeom., 2009, 51, 
845 by permission of John Wiley & Sons] 
 
In order to obtain a greater understanding of pigments and pigment production during the 
Roman period Walton and Trentelman25 have used ICP-TOFMS and Raman spectroscopy to 
study red lead used on funerary wrappings on Roman period mummies in Egypt (31BCE to 
CE100). As this pigment was not used in Egypt before this period it offers insight into the 
transfer of pigment technology to this region. Elemental and trace elemental investigations 
form the major part of this investigation, and lead isotope information in this case points to 
Rio Tinto, Spain as the most likely origin of the red lead. Raman spectroscopy added 
invaluable information on the mineral species in the red and yellow pigments. Additional 
bands in the red lead spectra at 82, 131, 198, 275, 293 and 458 cm-1 (see Figure 4) were 
assigned to lead tin oxide.  Lead tin oxide is not produced during the production of red lead 
but is a by-product of silver production and most likely comes from the surplus litharge 
(PbO) used in silver production. This suggests a recycling of materials into paint to gain 
maximum value from the mining process. 
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Early pigments in China, such as azurite and iron oxides, were naturally occurring inorganic 
compounds, but the Chinese also produced synthetic pigments including Chinese blue 
(BaCuSi4O10). A study using in-situ Raman analysis has also identified a further blue pigment 
on funerary wares from the Han Dynasty, (206 BCE - CE 8). This copper pigment, CuS, was 
identified by the sharp Raman band at 474.5 cm-1, as covellite with confirmation by XRF and 
SEM-EDX.26  
 
Medieval period 
During this period, particularly in Europe, many decorated walls were found in religious 
buildings. Churches contained depictions of bible stories and many are now being analysed in 
preparation for conservation and restoration. FTIR is useful for the identification of pigments 
and plaster materials and Akyuz et al.27 found that using the second derivative of the spectra 
clarified regions of band overlap enabling the identification of aragonite in the calcite plaster 
as well as the usual iron oxide and manganese oxide pigments. Pigments used in a religious 
context were often connected with the status, or lack of status, of the individual depicted, or 
the status of the building. Thus the use of cinnabar (HgS), a rare and expensive mineral 
indicates higher status, such as in the remains of the Augustinian Friary at Hull, England.28 
FT-Raman spectroscopy was invaluable in identifying the three minerals, cinnabar, red lead 
and haematite used in the wall painting and in identifying the calcite stucco, used in the early 
medieval period before the introduction of gypsum in plaster.  
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Figure 5. (a) Green paint from the tunic of the Virgin in the ascension scene; (b) unmounted fragment show the 
blue pigment particles and the yellow material in top; magnification 500x; (c) optical microscopy of cross-
section (reflected light, 500x) showing blue particles (angular particles) with different shapes and colours; (d) 
Raman spectra, 1) the pigment azurite, 2) unidentified pigment. 29 [Reproduced from M. Abdel-Ghani, H.G.M. 
Edwards, B. Stern and R. Janaway, Spectrochim. Acta A, 2009, 73, 566 by permission of Elsevier] 
 
Religious icons and miniatures in books have in some case incorporated more unusual 
pigments. For example, Raman spectroscopy using 785 nm excitation was used to identify a 
range of inorganic minerals on a 13th Century Coptic-Byzantine icon from Egypt.29 An 
unusual blue paint (see Figure 5) was found to be a combination of copper based azurite 
(2CuCO3.Cu(OH)2) covered by a dammar resin, confirmed by GC-MS. This identification is 
critical for correct restoration of the image. Another example of the identification of special 
pigments, pyrite and specular haematite, by Raman and XRF spectroscopy, together with 
more standard paints occurred on two 15th century miniatures from the Book of Hours of 
Louis XII creating, with shell gold, a more luminous quality.30 Mapping techniques can 
provide more information on the larger sample than single point analyses. Paints, and the 
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ground layers of paintings, are often complex mixtures and these are more readily identified 
in maps of larger sections, as in the Raman and ESEM-EDS maps of a 16th century 
painting.31 
 
During the Medieval period more organic pigments were introduced to the artist’s palette 
including madder, and pink and yellow lakes, often based on plant extracts. A micro-Raman 
investigation into the materials used to decorate a leather screen and illustrated ledgers from 
the Barber-Surgeons’ Hall, London discovered a combination of inorganic and organic 
pigments32 SEM-EDX and portable XRF were also used to identify pigments which 
fluoresced using the 632.8 nm Raman laser. The pigments identified were commonly used in 
17th century manuscript illustration. 
 
Late historical 18th -20th century 
After the development of the first synthetic pigment, Prussian blue, in 1704 the artist’s palette 
expanded manyfold to include many synthetic organic and inorganic pigments, making the 
identification of pigments more challenging. Decoration of walls by painting is still of 
interest to conservators as many building from this period are quite unique. The SEM-EDX, 
micro-Raman and micro-FTIR spectroscopy study of pigments from wall paintings on the 
protective towers of Kaiping Diaolou, China, revealed information on temporal and 
geographical changes and the influences of external regions.33 The blue pigment was 
identified as a natural ultramarine blue from a band at 2340 cm-1 found only in natural 
ultramarine, most likely from Afghanistan. This suggests trade in the pigment into China 
around the end of the 19th century. 
 
The pigments used by an artist are often a select set and can be used to confirm the works of 
that artist, or conversely to identify forgeries. The date of introduction of specific pigments, 
particularly in the last 300 years, can also aid in dating of works. Many researchers are 
analysing the paintings of specific artists to establish their palettes, such as the watercolours 
of Duges, Mexico, from 1853-191034. A typical palette for this period was established, but by 
combining the Raman results (Figure 6) with colour co-ordinates, it was apparent that Duges 
used multiple combinations of blue and yellow pigments to obtain a range of green hues. 
Similarly the palette used on a series of 18th century prints was established used a multi-
technique approach, including reflectance FTIR, to determine linseed oil as the binding 
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medium35. The pigments identified such as Prussian blue (Fe4[Fe(CN)6]3), were typical of the 
period. 
 
Figure 6. Raman spectrum of a) ultramarine blue pigment, b) chrome yellow pigment, c) gamboge yellow 
pigment, d) green zones of bird plumage.34 [Reproduced from C. Frausto-Reyes, M. Ortiz-Morales, J.M. 
Bujdud-Perez, G.E. Magana-Cota and R. Mejia-Falcon, Spectrochim. Acta A, 2009, 74, 1275 by permission of 
Elsevier] 
 
The forger known as the “Spanish Forger”, painted miniatures attributed to the 15th century 
and was active between 1890 and the 1920s. Using XRF and Raman spectroscopy36 a palette 
of pigments not in use in the 15th century was identified including pigments such as chrome 
yellow [PbCrO4], first available commercially at the beginning of the 19th century. 
Combining micro-Raman and micro-FTIR techniques Franquelo et al.37 analysed cross-
sections of pigment samples from a variety of cultural heritage items. Some pigments are 
better suited to Raman analysis, for example cinnabar, HgS, has a clear Raman spectrum but 
poor infrared spectrum, while some synthetic organic pigments show the reverse behaviour. 
Some materials are difficult to fully characterise by vibrational spectroscopy alone, so the use 
of SEM-EDX is suggested as an additional technique to complete the analysis. The study 
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shows that Raman has the added advantage over infrared spectroscopy of being able to 
analyse very small particles down to 1 µm diameter.  
 
One on-going problem for conservators is the degradation of paints due to environmental 
conditions or unstable components within the paint. Modern long term studies have aided our 
understanding of the processes involved, such as the development of metal soaps on some 
pigments38. ATR-FTIR spectra of the metal soaps of zinc, manganese, copper, cadmium and 
lead formed on either oil or egg tempura bases have identified the formation of metal 
carboxylates which can be detrimental to the paint surfaces, in particular the conversion of 
blue azurite (2CuCO3.Cu(OH)2) to green malachite (CuCO3.Cu(OH)2). Many natural 
pigments can be produced synthetically and it is often difficult, or impossible, to detect 
differences between the two categories of pigments. The use of the synthetic pigment can 
date an artefact to a more modern period and so in an effort to differentiate between natural 
(lapis lazuli) and synthetic ultramarine Smith and Klinshaw39 analysed a large variety of 
natural ultramarine samples and synthetic pigments from different suppliers. A band at 2340 
cm-1 in the infrared spectra of some natural samples is the only difference identified. This 
band is attributed to entrapped CO2 in some samples of the mineral lapis lazuli. It is not found 
in the synthetic samples. 
 
The identification of mineral pigments by Raman and infrared spectroscopy has become 
commonplace however it is still difficult to identify the spectra of lesser known pigments. To 
overcome this problem, numerous researchers have compiled spectral databases (see websites 
listed in Vandenabeele9, as well as more recent publications40-43) however, because different 
laser sources are used in Raman, and different sampling techniques in the infrared, the spectra 
obtained are not always comparable. Statistical methods of sorting and matching the spectra 
of unknown pigments are being applied in particular to modern paints which are often 
difficult to determine because of the wide range now available. Fuzzy logic methods have 
been reported to simplify this process.44,45 
 
Portable instruments 
Significant improvements into the study of cultural artefacts using completely non-
destructive procedures have been made by the use of in-situ analysis, where the object is 
examined whole at the instrument, and also by portable instruments which can be taken into 
the field or museum to examine artefacts on location. Of particular significance is the 
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combination of portable Raman spectrometers and portable XRF instruments which can 
provide a comprehensive characterisation of materials. Bruni et al.46 have used a combination 
of IR reflectography, XRF, diffuse reflectance FTIR, micro-FTIR and micro-Raman 
spectrometry to fully characterise the pigments used on a 15th century painting on parchment. 
Measurements were made directly on the painting allowing for a comprehensive study of all 
pigments, inks, binders and supports. Similarly, Vandenabeele et al.47 combined portable 
micro-Raman, near infrared reflectance spectroscopy, diffuse reflectance UV spectroscopy 
and XRF to study wall painting in an Egyptian tomb. Despite difficult physical conditions 
several painting materials were identified. XRF analysis provided confirmation of key 
elements that could be related to specific pigments, while Raman spectroscopy, although 
troubled by fluorescence, could identify different pigments in mixtures. These results will 
form the basis for a description of the painting technique and workshop practices of this time. 
Portable Raman and XRF spectrometers were also applied to the investigation of the 16th 
century wall paints in a cathedral in Antwerp .48 Calcite in the underlying stucco gave a 
strong Raman signal which caused problems in the identification of the pigments. However, 
bands of individual pigments (Figure 7) were identified in the spectra of calcite and gypsum 
recorded from the surface layers. Damage to the paintings was indicated by the presence of 
gypsum formed from salts in water contamination. The use of XRF aided in clarifying the 
Raman results, particularly where fluorescence was a problem. 
 
Figure 7. Raman spectra of (a) the top layer of the mediaeval vault painting, showing a combined spectrum of 
CaCO3 and CaSO4.2H2O; (b) the red top layer of the mediaeval vault painting, showing the spectrum of HgS; 
(c) the top green layer of the mediaeval vault painting, showing a combined spectrum of CaCO3, 
2PbCO3.Pb(OH)2, PbSnO4 and PbO and (d) the red top layer of the renaissance vault painting, showing a 
combined spectrum of CaCO3, 2PbCO3.Pb(OH)2, Fe2O3 and Pb3O4.48 [Reproduced from A. Deneckere, W. 
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Schudel, M. Van Bos, H. Wouters, A. Bergmans, P. Vandenabeele and L. Moens, Spectrochim. Acta A, 2010, 
75, 511 by permission of Elsevier] 
 
Portable Raman spectrometers, even when used alone, can provide a significant amount of 
information regarding the pigments used in paintings. In a study of shaman paintings on 
fabric from Southeast Asia, originally thought to be from 1870 to 1950, a range of pigments 
were identified using a portable Raman spectrometer.49 The use of titanium white, which was 
manufactured after 1920, together with FTIR identification of synthetic viscose fibres which 
came into production after the 1920s, considerably narrowed the origin dates of these 
paintings.  One of the drawbacks of mobile Raman instruments is their lack of sensitivity and 
the larger area analysed by the probes attached to them. Large paintings are difficult to 
analyse in-situ, however, Ernst has proposed the use of a microscope on a large gantry style 
stage so that large paintings can be examined by Raman microprobe.50 In this way he 
successfully identified the paints used on a large Asian painting but found that the large stage 
was disturbed by vibrations in the building. 
 
Synchrotron FTIR microspectroscopy 
Synchrotron based FTIR spectroscopy is one of the emerging techniques in the study of art 
and archaeological materials due to the increased availability of the facilities worldwide. The 
higher sensitivity and lateral resolution provided by the synchrotron source means that more 
detailed information can be obtained than by conventional FTIR techniques. Micro-
reflectance or ATR sampling techniques are ideal for the small sample sizes. In recent 
reviews, infrared and X-Ray application to inks, ochres and pigments51 and to organic 
painting materials, pigments, varnishes, and ancient biological tissue52 have been highlighted. 
Studies showing the enhanced differentiation between paint layers mean that individual 
pigment particles and the composition of individual paint layers could be identified.53-55 Paint 
components can be identified from only a few grains as in the painting samples from Pompeii 
and Herculaneum where inorganic pigments and organic binders were identified.56 
Synchrotron based FTIR and XRD are also ideal techniques to investigate reaction and aging 
compounds that can develop on ancient paints.57 Again, the high lateral resolution makes it 
possible to identify small grains of metal carboxylate and oxalate compounds on the art work, 
easily locating problem areas.  
 
Plasters and mortars     
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Many paintings from buildings in ancient and historical times are painted on surfaces 
prepared with a lime stucco coating, or in later times with a lime/gypsum coating. These 
coatings serve to cover the uneven texture of bricks or stone and also to provide a stable 
white or cream background for painting. Knowledge of the exact composition of these 
coatings is critical in restoration and preservation work as many surfaces have been damaged 
by past restoration work, where cement or other incompatible materials have destabilised the 
earlier surfaces.58 Stucco and mortars are made up of two components: the finely ground 
binding material, commonly hydrated lime, to which water is added to form calcium 
hydroxide. As this dries in air it reacts with carbon dioxide to form calcium carbonate. The 
second component, aggregate (a mixture of granular filler materials), is added to the wet 
calcium hydroxide to ensure that as the mortar dries it does not crack. Hydraulic mortar is 
formed when volcanic silicates or crushed ceramic material is added to the lime creating a 
waterproof material that can be used for drains or pools. In-situ FTIR was used initially by 
Regev et al.59 to undertake a survey study and identify silicates in the hydraulic plasters on 
3,000 year old structures at Tell es-Safi, Israel. An in-depth study was then carried out in the 
laboratory using a FTIR and a range of techniques to identify the type of silicates present. By 
determining that the silicates were not part of the local geology, but deliberately brought to 
the sites, the authors could suggest that the creation of hydraulic plaster from these materials 
was deliberate. FTIR was also useful to identify the presence of hydroxyapatite, from 
diagnostic bands at 605 and 565 cm-1, formed from the residues of organic material 
overlaying the plaster surfaces. 
 
Most studies have used XRD to identify the components of mortars and stucco, for example, 
in the study of mortars on a colonial building in Queretaro, Mexico.60 The main mineral 
phases in both the fine grained binding material and the aggregate from three phases of 
mortar application, were identified to ensure the correct mixture was used in each area for 
restoration of this building. FTIR was used in this work to confirm the XRD results and to 
calculate a semi-quantitative ratio of calcium carbonate to silicates. In similar studies the 
compositions of binder and aggregates were elucidated by XRD. FTIR was used for 
confirmation and to check for other components in the mixture not detected by XRD, such as 
salts,58 and organic material such as linseed oil, added to form a Roman style stucco.61 Raman 
spectroscopy has also been used as a supporting technique for the identification of calcite and 
red earth or haematite in an external layer of hydraulic mortars in Spain.62 
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Vibrational spectroscopy as a complementary technique 
Vibrational spectroscopy has often been used to support multi-technique studies using other 
primary analysis methods. XRD analysis has been the main technique used for the 
identification of mineral types and structure in geological studies for many years, and has 
been used in a number of archaeological investigations to great effect. FTIR and Raman 
spectroscopy can be used to identify amorphous minerals and organic components in pigment 
and stucco mixtures.41,63-69 XRF analysis is often used in conjunction with vibrational 
spectroscopy techniques to provide elemental information on the pigments and can be used to 
identify components not established by Raman or infrared spectroscopy.70,71 New portable 
XRF instruments make this technique even more advantageous for the study of art and 
archaeological samples.72 Similarly, SEM-EDX has been used in many studies to extend the 
information from vibrational spectroscopy with elemental information.73,74  
 
Metal corrosion 
Although vibrational spectroscopic techniques are not useful for the direct study of metals, 
they are often used for the characterisation of metallic corrosion products. Both IR and 
Raman methods can be used, but generally Raman is more useful because it is non-
destructive and can often be carried out without any sample preparation. Almost always the 
vibrational spectroscopy supplements other techniques such as SEM-EDS and micro-XRD. 
 
Bernard and Joiret75 have studied the corrosion layers on archaeological bronze and iron 
using Raman spectroscopy together with electrochemistry, and SEM-EDX. For the bronze 
samples, which dated from CE 400 to 800 BCE, the corrosion layer (known as the patina) 
was found by elemental analysis to be less than 200 μm thick for all samples. Raman 
spectroscopy was able to identify a large range of compounds which differed by the nature of 
the bronze as well as its situation over time. When lead was present in the bronze, the lead 
oxides litharge and massicot were detected. When lead was absent from the bronze copper(II) 
hydroxycarbonate or copper(II) hydroxysulphate phases were found. 
 
In other work76 both micro-Raman and micro-IR spectroscopy were applied, together with 
SEM-EDS and micro-XRD, to the characterisation of corrosion layers on an iron ingot which 
had been immersed in seawater for about 2000 years. The main phase detected was an 
iron(II) hydroxychloride, demonstrating that the sample had been maintained in anoxic 
conditions. Smaller amounts of FeS phases were also found as a result of microorganism 
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activity. The same research group also studied medieval iron reinforcement from Amiens 
cathedral. In this instance the main phase in the corrosion layer was goethite, but 
lepidocrocite (γ-Fe3+O(OH)) and akaganeite (Fe3+O(OH,Cl)) were also present.77 
 
Pottery and ceramic studies. 
The physical and chemical investigation of ceramics is important in the archaeological 
investigation of ancient peoples. In many archaeological contexts they are the major 
surviving artefact. For this reason, ancient ceramics have been the focus of intense 
investigation for many years. Early investigations focus on the physical attributes of the 
individual pieces such as shape, decoration and functionality but in the early twentieth 
century more scientific methods were employed such as chemical analysis and petrography 
studies78. As instrumental methods of analysis developed and became more readily available 
these were applied to the investigation of ceramic samples. Early studies focused primarily on 
the provenancing of ceramics using elemental analysis (NAA, ICP, SEM-EDX) with limited 
success in identification of production centres which tend to identify with regional geology 
rather than local clay deposits79-81. More comprehensive investigations have used multiple 
techniques to obtain the maximum amount of information from the samples (see, for 
example, Mangone et al.,82 and Bersani et al.83). More recently the need to study these 
materials with little or no sampling has become the focus of most investigations. A 
comprehensive analysis of ceramic can provide information about the ceramic raw materials, 
decorative pigments as well as the processes used in production, such as firing temperature 
and firing conditions. Knowledge of these processes is useful in understanding the 
civilization which created the ceramics, and will also aid in restoration, conservation and 
authentication. 
 
Early pottery production did not always include glazes which can interfere with the analysis 
of surface decoration. In the case of unglazed Maya ceramics, the surface materials on 
ceramic shards form Copan, Honduras, were analysed by micro-Raman and ATR-FTIR 
spectroscopy as part of a study of Maya pigments.84 Materials used were commonplace iron 
oxides and clays, but the type of iron oxides changed from the early Acbi ceramics (CE 400-
650) to the later Coner ceramics (CE 650-900). The earlier Acbi ceramics were decorated 
with a mixture of haematite, magnetite and clay while the later Coner ceramics were 
decorated with a finer haematite material, with a higher percentage of iron, and in some cases 
with added specular haematite particles (Figure 8).  The presence of magnetite in the earlier 
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ceramics indicates a lower firing temperature as it would be converted to haematite at higher 
temperatures. This along with other information gathered about the ceramic body was used to 
indicate firing temperatures, firing conditions used, and production processes. 
 
Figure 8. Raman spectra of the region 750-200 cm-1 of mineral pigments found on Copan Ceramics: (a) Coner, 
specular haematite; (b) Acbi, amorphous haematite; (c) Acbi, magnetite; (d) brown pigment on both Acbi and 
Coner ceramic samples, identified as pyrolusite.84 Reproduced from R.A. Goodall, J. Hall, R. Viel and P.M. 
Fredericks, Archaeom., 2009, 51, 95 by permission of John Wiley & Sons]. 
 
FTIR spectroscopy has been used in many multi-technique studies focused on identifying the 
main minerals used for pigments on ceramics. Early Roman pottery samples were identified 
as local copies of the Greek, Attic red figured vases by the difference in raw materials used, 
highlighting the transfer of ideas and styles from Greece to Italy in this early period.82 FTIR 
spectroscopy also identified the white over-painting as kaolinite. SEM-EDX elemental results 
were used to identify the yellow and red pigments as iron oxides, diluted with clay in the case 
of the yellow colour. Firing temperatures were estimated from CP-MAS-NMR to be about 
900 °C. Raman spectroscopy was the main technique used in the identification of pigments 
on Iberian pottery from the site of Puente Tablas from the 4th to 7th centuries.85 The red 
pigment on earlier samples contained haematite and goethite while that on the later samples 
contained only haematite suggesting a change in raw materials with time.  Black pigments 
were identified as carbon black from the broad carbon bands at 1360 and 1610 cm-1 (the D 
and G bands, respectively), and the lack of a phosphate band at 960 cm-1, which would 
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indicate a bone source.  Bands in the region 1200-1600 cm-1 were also found on the later 
samples and have been assigned to unknown organic material, possibly post burial deposits 
on the samples. 
 
 
 
Figure 9. Raman spectra (normalised) obtained at room temperature of samples of clay, previously settled (fine 
fraction lower than 2 μm) and heated for 15 h under oxidising atmosphere at different temperatures.86 
Reproduced from Y. Leon, C. Lofrumento, A Zoppi, R. Carles, E.M. Castellucci and Ph. Sciau, J. Raman 
Spectrosc., 2010, 41, 1260 by permission of John Wiley & Sons] 
 
One problem with the analysis of haematite on fired pottery is that heating in oxidizing 
conditions converts most iron oxides to haematite depending on the temperatures achieved.  
The investigation by Leon et al.86 using Raman spectroscopy of one of the most famous fine 
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wares of the Roman period, terra sigillata, and their 1st century copies from Gaul. Initial 
analysis identified the red slips on these wares clearly as haematite but failed to find 
significant differences between the Roman and Gaul ceramic despite the fact that they have 
different mineral glazes. Trials on reproductions of the slips were carried out showing that the 
haematite spectra are affected by the temperature of firing (Figure 9). Above 800 oC 
haematite bands become clear but are shifted to higher wavenumbers which was shown to be 
associated with a partial substitution of iron in the haematite, possibly by Ti atoms. The 
haematite spectra from the two ancient ceramics types were different, matching different 
temperature spectra in the reproduction set. This provided a quick way to differentiate 
between the Roman and the Gaul ceramics and is of significant help to archaeologists. 
 
A combination of FTIR, micro-Raman and EDXRF revealed a great deal about the potteries 
of ancient Ainos, Turkey,87 in particular firing temperatures, production methods and 
pigments used for decoration. FTIR was most useful on the clay bodies where the range of 
minerals still present, and the absence of post firing minerals, were used to estimate firing 
temperatures. In particular, the presence of calcite bands, an impurity in the local clay, 
suggests a firing temperature below 720-900 °C. The range of pigment materials were 
identified by micro-Raman as iron oxides, manganese oxide, quartz and anatase.  The same 
group88 also studied the body and decoration of terracotta sarcophagi from the same site, 
using FTIR and XRF. The silicate bands in clay materials are often broad and difficult to 
distinguish from each other, preventing accurate band assignment and identification of the 
minerals present in the sample. To solve the problem, the second derivative of the infrared 
bands was used to find the band positions for band fitting analysis. Firing temperatures were 
estimated from the presence of hydroxyl bands. These are lost when the clays are heated to 
temperatures above 600-800 °C.  The pigments used were typical earth pigments of calcite, 
haematite and manganese oxide.  These were confirmed using EDXRF elemental analysis. 
The results confirmed that the sarcophagi were fired under oxidizing conditions at relatively 
low temperatures. 
 
Velraj et al.89 have carried out similar FTIR analysis of pottery fragments from three sites in 
India, covering a range of times from late BCE to the 14 and 15th centuries and so provide a 
picture of changing technology over time. The presence of hydroxyl bands at around 3630 
cm-1 in the older samples indicated that there was incomplete conversion of the clay minerals 
and hence a lower firing temperature. The later samples have no OH stretching bands and are 
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estimated to have been fired at temperatures above 800 °C. The presence of only haematite in 
the sample indicates that oxidizing conditions were used. The improvements in ceramic 
production over time include increased firing temperatures due to more sophisticated kiln 
construction, better control of the firing conditions and improvements in the type of clay 
mixtures and the use of more complex glaze formulations. The ceramics producers of the last 
five hundred years have produced many complex and beautiful vessels. The study of glazes, 
usually a silicate based glass, by vibrational spectroscopic techniques has proved challenging 
for many researchers. Fluorescence problems with Raman spectroscopy make it difficult to 
identify glazes and the pigments under the glazes. These problems have been overcome to 
some extent by the use of multiple analysis techniques83 and confocal Raman systems. While 
others (see Simsek et al.90 below) have used Raman spectroscopy to calculate the glass 
polymerization index, Ip, which is the ratio of the intensity of Si-O bending and stretching 
bands, and increases with increasing melting temperature of the glass. The Ip can be used to 
determine firing temperatures.   
 
In a study of 16th century ceramic materials from the citadel of Algiers which was scheduled 
for restoration, Kock and de Waal91 used Raman, XRD and SEM-EDX to determine the 
composition of ancient pigments. They found the yellow pigment was not one of the 
commonly used pigments of the time but was similar to an ancient Pb/Sn/Sb pyrochlore oxide 
found in some 16th century Italian paintings. The range of yellow, orange and yellow-brown 
colours were identified as Pb/Sb pigments for the brown colour, and a combination of 
Pb/Sn/Sb in an ancient pyrochlore oxide for the yellow to orange shades.  Changes in the 
position of bands between 127 and 137 cm-1, assigned to Pb-O, have been related to changes 
in colour and then to the change in proportion of the cations in the mineral. A range of 
structures were identified as Pb2Sb2O7, Pb2SnSbO6.5 and PbSnO4, and were confirmed by 
XRD. The positive identification of the minerals can be used for accurate restoration of the 
citadel, especially the knowledge that the pigments were applied over the glaze rather than as 
an underglaze as is more usual. 
 
Rosi et al.92 examined renaissance plates, in situ at the Victoria and Albert Museum, London, 
by portable Raman spectroscopy and XRF to determine the composition of the yellow 
pigment, known as Naples yellow. Following from a systematic study of various 
concentrations of lead antimony pigments, this study identified the different Pb/Sb 
combinations as well as ternary substituted pigments (Sn or Zn) intentionally used by the 
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artist to achieve different hues on the plates. The decrease in intensity of the 510cm-1 Si-O 
band and the appearance of a band in the region 310-350 cm-1 (see Figure 10) were identified 
as indicators of cation substitution. The use of XRF to confirm the presence of the third 
cation either Sn or Zn was critical in achieving accurate band assignment. 
 
 
 
Figure 10. Raman spectra of the different pyroantimonate compounds found in the Renaisance majolicas: (a) 
unmodified Naples yellow (*the spectrum 1st II has been smoothed); (b) modified Naples yellow; (c) partially 
modified Naples yellow (# indicates spectral artifacts due to cosmic rays).92 Reproduced from F. Rosi, V. 
Manuali, T. Grygar, P. Bezdicka, B.G. Brunetti, A. Sgamellotti, L. Burgio, C. Seccaroni and C. Miliani, J. 
Raman Spectrosc., 2010, in press by permission of John Wiley & Sons] 
 
Simsek et al.90 used Raman spectroscopy to establish clear differences in the pigments and 
materials used for glazes on Iznik tiles, and later copies, aiding the authentification of the 
original tiles. The distinctive white slip layer was identified as enriched with quartz to 
provide a reflective layer of pure white base for decoration. The glaze, on the other hand, was 
tin oxide covering a range of coloured decorations based on copper and cobalt compounds, as 
well as haematite. Raman spectra of a range of tile glazes are shown in Figure 11. Iznik tiles 
have a distinctive lead-alkali glaze which shows a doublet band for the Si-O stretching mode 
(800-1200 cm-1) with the higher wavenumber peak being more intense in the cases of high 
lead content. These authors also report a comprehensive study of the glazes to establish the 
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firing temperatures used, by calculating the Ip (polymerization indices) and relating them to 
firing temperatures calculated by others. 
 
 
Figure 11. (a) Comparative Raman spectra of different types of glazes like lead-alkali and alkali (baseline 
subtracted). The results are taken by XY1 spectrometer with an x50 objective, and exceptionally for sample 
S9045 with mobile spectrometer. (b) Comparative raw Raman spectra of red décor of T15 and T16 by XY1 (1), 
HR800 (HR) and mobile (M)90 [Reproduced from G. Simsek, P. Colomban and V. Milande, J. Raman 
Spectrosc., 2010, 41, 529 by permission of John Wiley & Sons] 
 
Valuable information on evolution of ceramics, particularly changes in decoration and 
production techniques, can be obtained on pottery fragments from known manufacturing 
locations, as in the multi-technique investigation by Bersani et al.83 into a ceramic factory 
near Parma, Italy. Changes in the mineral composition of the starting clays indicated that 
different quarries were in use in the 14th and 17th centuries. There were also differences in the 
pigments used, for example, black pigment in the 14th century was manganese oxide based, 
while in the 17th century black pigment was achieved with iron based compounds, mainly 
magnetite.  The white pigment in the 17th century samples was found to contain anatase 
(TiO2), probably associated with the clay used.   
 
Two papers on the investigation of ceramics from Macedonia have used Raman, FTIR and 
SEM-EDX to investigate the body and glazes.  Tanevska et al.93 have used micro-Raman 
spectroscopy to determine the components of the shard body. The seventeen minerals 
identified are abundant in this region of Macedonia, supporting an interpretation of local 
production centers. The Raman spectra of the silicate glaze were used to calculate the 
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polymerization index, Ip of the glazes, and from its value the firing temperatures were 
estimated to be below 700 °C.  Unfortunately, in most cases the pigments in glazes, 
especially green and blue pigments were difficult to identify. In this case SEM-EDX was 
used to confirm the elements present; cobalt as a colouring agent, antimony as part of the 
glaze or as an opacifier, and lead as a fluxing agent. Raskovska et al.,94 used FTIR and 
Raman spectroscopy to compare the compositions of Byzantine and Ottoman pottery shards, 
dated from the 13th to 19th centuries. The position of the Si-O stretching band which occurs in 
the region1030-1080 cm-1 of the infrared spectra has been previously correlated with the 
firing temperature,95 and in this case the slightly higher wavenumber position indicated a 
difference in the production processes with higher firing temperatures on some of the 
Ottoman shards. The Ip, calculated from the Raman Si-O bands, also indicated that the glazes 
were fired at low temperatures, <700 °C. Raman spectroscopy was also used to identify a 
large range of minerals in the shard bodies. Here it was determined that Ottoman and 
Byzantine pots were manufactured at different locations but that there were similarities in the 
production techniques.  
 
Glasses 
The application of optical spectroscopy to glasses and silicates has recently been reviewed by 
Colomban and Prinsloo96 while the application of portable Raman instruments to the on site 
study of ancient glasses has been reviewed by Colomban.97 The authors discuss UV-visible, 
infrared and Raman spectroscopies. They note that IR spectroscopy of glasses is complicated 
by the need for sample preparation, the strong absorbance, and the spectral distortions that 
result from specular reflectance, including Restrahlen components. Raman spectroscopy has 
simpler sampling arrangements and the generally narrower peaks can be used to characterise 
short range order.96 Colomban and Prinsloo suggest that the 407, 457 and 488 nm lines of the 
Ar+/Kr+ laser are optimum for the study of silicates. The Raman spectra of silicates can be 
separated into two regions, the molecular signature region (1000 – 500 cm-1) and the low 
wavenumber Boson peak and associated background, that must be subtracted to reveal the 
silicate peaks clearly. Portable spectrometers do not have the low wavenumber extension to 
show the Boson peak itself, but do show the strong background across the spectrum.2  
 
A Raman study of Roman mosaic glass tesserae has been reported.98 A suite of 26 soda-lime-
silicate glasses from six sites in Italy and one site in Carthage in North Africa were studied 
with excitation at 406.7 and 532 nm. The non-destructive Raman technique was able to 
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identify colouring and opacifying agents, including calcium antimonite in blue, turquoise and 
green tesserae (Figure 12). However, the spectra of the glass matrix were very similar for all 
samples and could not be used directly to establish provenance. The authors did not apply 
multivariate analysis to the spectra which might have been able to distinguish the different 
samples. 
 
Figure 12. Representative spectra of the crystalline phases identified within the glass tesserae samples; (a) 
Ca2Sb2O7, (b) CaSb2O6, (c) Pb2Sb2O7, (d) Cu2O, (e) CaF2, (f) feldspars, (g) unidentified phase (alkali 
sulphate).98 [Reproduced from P. Ricciardi, P. Colomban, A. Tournié, M. Macchiarola and N. Ayed, J. 
Archaeol. Sci., 2009, 36, 2551by permission of Elsevier] 
 
The weathering or alteration of ancient glasses is a common problem exacerbated by organic 
pollutants and can even take place in a museum environment. Robinet et al99 studied the 
effect of the organic pollutants formic acid, acetic acid and formaldehyde on the alteration of 
soda silicate glasses by secondary ion mass spectrometry (SIMS) and microRaman 
spectroscopy. The microRaman technique was used to analyse crystalline deposits which 
formed on the surface of the glasses after exposure to pollutants in desicators or museum 
cupboards. The relatively high spatial resolution of microRaman (around 1 μm) was 
important in this work, although it still took 8 months of exposure to grow crystals of 
sufficient size for analysis. MicroRaman of the deposits directly on the glass using excitation 
at 532 or 633 nm, showed the presence of crystals of sulphate, sodium carbonate and possibly 
sodium acetate. 
 
Obsidian is a naturally occurring volcanic silicate glass. It was used in prehistoric times as a 
material for toolmaking and its utility in this regard, together with its relative rarity, made it a 
valuable material that was traded across the Pacific region. Obsidian from different sources 
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can usually be distinguished by elemental analysis. However, this approach is destructive, 
although often only a small sample is required. Seeking a non-destructive method, Carter et 
al.100 applied Raman spectroscopy using 785 nm excitation, combined with multivariate 
analysis, to a small set of samples of obsidian from three different areas in the Pacific region. 
They were able to distinguish samples from the three areas, and were also able to assign a 
museum sourced obsidian tool to one particular source area. The authors claim that this 
simple non-destructive technique can be applied to ancient samples and will allow them to 
track the movement of obsidian in the Pacific region in prehistoric times. 
 
In further work, Kelloway et al.101 compared the capability of a commercially available 
portable Raman spectrometer with a laboratory based instrument to distinguish between 
obsidian from different areas of the Pacific region. They found that spectra obtained with the 
portable instrument clustered, after multivariate analysis, in a similar way to those from the 
laboratory based instrument, and that the clusters corresponded with the three main source 
areas of the Pacific. This result shows that portable instruments will allow in situ non-
destructive analysis of samples housed in museums or private collections, giving access to 
significantly more data with which to understand the prehistoric trading of obsidian in the 
Pacific region. 
 
Organic materials 
In an archaeological context it is difficult to limit a review to purely inorganic materials as 
there is a range of archaeological residues and artefacts that have an organic origin. Bone for 
instance forms a large proportion of the remains found in living site deposits. Studies have 
been made of the changes in bone composition throughout the fossilization processes to 
assess the extent of mineralisation of bone post-burial. Mineralisation affects the amount of 
dietary, environmental and climatic information determined from bone remains. In the case of 
hominid bones in South Africa the degradation of collagen and ingress of local elements into 
the bones has been studied by Kuczumow et al.102 The surprise in these very old fossils was 
the identification of collagen, by Raman spectroscopy, in the interior of the bones where 
mineralisation had not penetrated. These factors can also be determined for heated or burnt 
bone.103 
 
The investigation of paper materials provides insight into the production of manuscripts, 
printed books and works of art on paper, as well as the difficult problem of conservation. For 
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these reasons a great deal of research into the preservation of paper has been carried out and 
Manso and Carvalho104 have recently published a comprehensive review of the analysis of 
paper that includes a large number of analytical techniques, used individually or in 
combination with each other. This review discusses a number of reports utilising both 
infrared and Raman spectroscopic techniques for the study of papers in order to identify the 
type of fibres used, fillers and sizing materials, deterioration processes and also to estimate 
the age. Using a multi-analytical approach gives the most information, such as that by Castro 
et al.105 who utilised Raman and FTIR spectroscopy to identify the fibre type, additives and 
unusual pigments such as atacamite (Cu2Cl(OH)3) used on a 17th century map. In a study of 
the fibres and additives used in the production of ancient hispano-arabic manuscripts FTIR-
ATR and transmission FTIR spectroscopy were used to differentiate between the four 
different cellulose material types, flax, jute, hemp and cotton, by their different band 
intensities.  By identifying different fibres used in different manuscripts with known origins it 
was possible to determine the materials used in paper manufacture by particular producers, 
and at different times.106 
 
The degradation of paper is the largest factor affecting the storage and conservation of paper 
cultural items and most studies undertake some investigation of the mechanisms and 
processes of deterioration.  Moisture causes degradation by hydrolysis of the cellulose fibres.  
Yonenobu et al.107 used near-IR spectroscopy and deuterium exchange to monitor changes in 
the OH bands of cellulose between 7200-6000 cm-1, which vary with degradation in 
traditional Japanese washi paper. The extent of the deuterium exchange in these OH groups is 
dependent on the extent of the hydrolysis and can be used to estimate the degree of 
degradation and the age of the paper. Zotti et al.108 studied the micro-fungi species 
responsible for paper degradation and verified the presence of fungi on etchings and prints 
and then used FTIR-ATR to identify the paper fibre materials and additives which enhanced 
the fungal growth. However, the influence of environmental conditions is far more likely to 
affect the growth of fungi. The effect of additives on the rate of fungal attack has also been 
reported by the same group.109 Calcium oxalate crystals formed from fungal attack, were 
found on paper made with calcium carbonate. These crystals were attached to the cellulose 
fibres and caused ruptures. Papers made with alum and clay are slightly acidic and were 
found to retard fungal growth. 
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Provenancing studies tell us much about cultural interactions between regions and peoples.  
Archaeological amber from the Cioclovina hoard, Romania, was found to have similar FTIR 
spectra to other ambers from Romania, pointing to a local origin rather than importation from 
the Baltic Sea region.110 Jehlicka et al.111 used Raman spectra of carbonaceous matter in 
samples of quarried limestone to differentiate between marble quarries, providing 
information about the source of archaeological and structural marble. 
 
Resin, wax and fat residues on archaeological remains tell us much about the materials used 
by ancient people, and in the case of some fats, their food sources. These organic substances 
were often used as coatings to waterproof objects, adhesives to attach objects like stone 
points to spears, and to make decorative figures. A fat-like substance, for example, analysed 
non-destructively by FT-Raman and dispersive Raman with 785 nm excitation,112 was 
discovered to be similar to pinaceae resin. Resins used to seal ancient wine, oil, storage and 
cosmetic jars have also been analysed by transmission FTIR in combination with other 
techniques (Zareva and Kuleff, Peris-Vicente et al., Colombini et al.).113-115 These were 
identified as pinaceae resin, alone or in combination with an oil. 
  
People produce waste and often deposit this in a single location the study of which can give 
us insight into ancient diet and plant use, as well as the use of pottery and a range of personal 
and household objects. Organic matter may become mineralised while still retaining the 
physical appearance of the original artefact. Understanding the mineralisation process can 
help us identify these remains and the conditions under which they survive.116 Using the high 
sensitivity of synchrotron IR microspectroscopy in conjunction with other techniques makes 
it possible to identify some of the smallest particles, such as plant phytoliths.117  
 
Conclusions 
The use of vibrational spectroscopic techniques to characterise historical artefacts and art 
works continues to grow and to provide the archaeologist and art historian with significant 
information with which to understand the nature and activities of previous peoples and 
civilizations. In addition, conservators can gain knowledge of the composition of artworks or 
historical objects and so are better equipped to ensure their preservation. Both infrared and 
Raman have been widely used. Microspectroscopy is the preferred sampling technique as it 
requires only a very small sample, which often can be recovered. The use of synchrotron 
radiation in conjunction with IR microspectroscopy is increasing because of the substantial 
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benefits in terms of improved spatial resolution and signal-to-noise ratio. The key trend for 
the future is the growth in the use of portable instruments, both IR and Raman, which are 
becoming important because they allow non-destructive measurements to be made in situ, for 
example at an archaeological site or at a museum.  
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